Introduction
============

The *β*1,4 N-acetylgalactosaminyl transferase (*β*1,4 GalNAc-T; EC2.4.1.92) (GM2 synthase) that synthesizes both GM2- and GD2-ganglio-sides from GM3 and GD3, respectively, was first cloned in 1992^[@b1-82_189]^ and then also in 1995.^[@b2-82_189]^ Essentially no higher gangliosides beyond GM3 and GD3 can be generated in the absence of this enzyme. Subsequent to cloning of the gene, GM2-synthase-deficient mice (*GalNAcT*−/−) were generated independently in two laboratories.^[@b3-82_189],[@b4-82_189]^ In view of the postulated multiple physiological functions of gangliosides, dire consequences had been predicted. However, when the knockout mouse was generated by the gene-targeting technology, the phenotype was unexpectedly mild with apparently normal anatomical and cellular development of the brain, although later studies indicated numerous subtle behavioral, anatomical and physiological abnormalities.^[@b3-82_189],[@b5-82_189]^ Outside of the nervous system, the testis is drastically abnormal in these mice.^[@b6-82_189]^

The initial biochemical characterization indicated, as expected, that the major brain ganglioside appeared to be GD3.^[@b3-82_189],[@b4-82_189]^ The present work was prompted by the initial observation, in a study comparing these mice to mice doubly deficient in GM2-synthase and NPC1, that an additional large sialic acid-containing band was present between GM1- and GM2-gangliosides and that it was in fact O-acetylated GD3.^[@b7-82_189]^ This was indicated without description of how the identification was made and without quantitative information. That a large proportion of GD3 was O-acetylated appears to have been missed by both laboratories that generated the *GalNAcT*−/− mouse, because their analytical procedures included a step of saponification procedure, which hydrolyzed the O-acetyl group from sialic acid. In view of the recent interest in the possible biological functions of O-acetylated GD3-ganglioside in normal as well as in pathological conditions, we followed up our finding with more quantitative analyses and immunological identification. We also carried out immunohistochemical studies of GD3 and O-acetylated GD3 in the brain of young adult wild-type and *GalNAcT*−/− mice.

Materials and methods
=====================

Animals
-------

The *GalNAcT*−/− mice originally generated and kindly provided to us by R. L. Proia at the NIH were used for this study. A colony was maintained in the facility for the experimental animals at the University of North Carolina at Chapel Hill in strict accordance with the Federal and local regulations governing use and care of experimental animals. All experimental procedures were approved by the institutional review committee. Analyses and quantitation of brain gangliosides were done in Lyon on the tissue shipped frozen.

Lipid studies
-------------

General lipid extraction: Two mouse brains, one each of wild-type and *GalNAcT*−/− mice at 64 days, were analyzed for brain ganglioside composition. The initial extraction was based on the method of Svennerholm and Fredman^[@b8-82_189]^ as described in detail by Svennerholm *et al*.^[@b9-82_189]^ The tissue was homogenized with 0.6 ml of water in an all-glass Potter-Elvehjem homogenizer and extracted by addition of 2 ml of methanol and 1 ml of chloroform. After 30 min., the extract was centrifuged at 1,000 g for 10 min. and the supernate transferred to a glass tube. The pellet was resuspended in 0.7 ml water and re-extracted with additional 3 ml of chloroform-methanol, 1:2 (v/v). After centrifugation, the combined supernates were adjusted to 8 ml with C-M 1:2 (v/v).

Separation and analysis of gangliosides: Brain lipids (starting from a 6 ml aliquot of the total lipid extract) were fractionated to neutral and acidic fractions using a reverse phase column as described by Kyrklund *et al.*^[@b10-82_189]^ (Varian Bond Elute C-18, 3 ml/500 mg). This procedure allows clean separation of acidic lipids including gangliosides and sulfatides from other lipids without loss of the less polar gangliosides, and simple and rapid desalting without a need for saponification prior to ganglioside separation. The total sialic acid content of the ganglioside fraction was determined by the resorcinol method^[@b11-82_189],[@b12-82_189]^ using N-acetylneuraminic acid as the standard. Thin-layer chromatography was performed with high performance silica gel-coated thin-layer plates (Merck HPTLC 60). The solvent system was chloroform-methanol-0.2% CaCl~2~ (55:45:10, v/v/v). Gangliosides were visualized by the resorcinol spray.^[@b11-82_189]^ For quantitation of individual gangliosides, samples were applied with a CAMAG Linomat IV apparatus at 10 nmoles total sialic acid per lane, and densitometric evaluation of the plates performed using a CAMAG TLC scanner model II operated with the CATS-3 evaluation software. The results were expressed in nmoles of individual gangliosides by taking into account the number of sialic acids per molecule.

Identification of O-acetyl-GD3 ganglioside: Preliminary identification was done by thin-layer chromatography before and after saponification. Aliquots of the acidic lipid fraction obtained by Bond-Elute C-18 chromatography were subjected to saponification by redissolving in 0.9 ml C-M 1:2 (v/v), adding 0.1 ml NaOH 1 mol/l and incubating for 2 h at 37 °C. The saponified extract was desalted through a 1g Sephadex G-25 fine column, and subjected to the thin-layer chromatography as described above. Identification was further assessed by a TLC-immunostaining method using mouse monoclonal antibodies (both IgG3) 7H2, specific for O-acetyl-GD3 which does not bind GD3, and 4F6, specific for GD3, which does not bind O-acetyl GD3.^[@b13-82_189]^ HPTLC separation of the unsaponified ganglioside fraction along with a standard of O-acetyl-GD3 purified from rainbow trout liver^[@b14-82_189]^ was conducted as above. After drying, immunostaining was performed on the HPTLC plate as described.^[@b15-82_189]^

Immunohistochemical localization of GD3 and O-acetyl-GD3 gangliosides in the brain of GalNAcT−/− mouse
------------------------------------------------------------------------------------------------------

Tissue preparation: Three *GalNAcT*−/− male mice at 6--7 months and three age-matched wild-type male mice were used. The background strain of all mice was a mixture of 129 Sv and C57BL/6. The mice were anesthetized with ether and decapitated. The brains were rapidly removed, dissected on ice, placed in the O.C.T. compound (Sakura Finetek U.S.A., Inc.,Torrance,CA) and frozen with isopentane in Histobath (Shandon, Pittsburgh, PA). For sectioning, the samples were cut to 7-μm thickness with a cryostat microtome and thaw-mounted on glass slides. The mounted sections were air-dried for 30 min, followed by fixation in cold acetone for 5 min. at −20 °C, after which acetone was removed by airing for 1 hr.

Immunohistochemistry: Sections were rinsed with PBS and incubated with 1.5% normal donkey serum (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in PBS for 1 hr. at room temperature. To prevent the non-specific binding of secondary labeled anti-mouse IgG to mouse tissues, the sections were incubated in the M.O.M. mouse IgG blocking reagent (Vector M.O.M. Kit, Vector Laboratories, Inc., Burlingame, CA) for 1 hr. After washing in PBS, the sections were then incubated overnight at room temperature with undiluted culture supernatant of the hybridomas containing either anti-GD3 (4F6) or anti-O-Ac-GD3 (7H2) mouse monoclonal antibodies (IgG) (concentration: 2--5 μg/ml) as a primary antibody. The production and characterization of the antibodies have been described previously.^[@b13-82_189]^ On the next day, the sections were washed in PBS and incubated with secondary fluoresceine isothiocyanate (FITC)-conjugated AffiniPure donkey anti-mouse IgG (H+L) antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) at 1:100 dilution for 1 hr at room temperature and washed in PBS. Immunoreactions were examined by a fluorescence microscopy. As a control for non-specific staining, additional sections were subjected to the immunostaining procedure without primary antibody. No staining was observed in control sections. The experiments were repeated 3 times using three different mice sections.

Results
=======

*Brain ganglioside analysis* ([Table I](#t1-82_189){ref-type="table"}, [Fig. 1](#f1-82_189){ref-type="fig"}). On the thin-layer chromatogram, gangliosides in the *GalNAcT*−/− mouse brain consisted of essentially only three components, GM3, GD3 and another large band with a thin-layer chromatographic mobility between GM2- and GM1-gangliosides ([Fig. 1A](#f1-82_189){ref-type="fig"}, lane II). This band disappeared and the band of GD3 became heavier upon mild alkaline treatment ([Fig. 1A](#f1-82_189){ref-type="fig"}, lane I). This suggested that the extra band was an alkaline-labile derivative of GD3. This point is further supported by quantitative determination of individual gangliosides ([Table I](#t1-82_189){ref-type="table"}). Upon saponification, this extra band disappeared and the amount of GD3 increased by the same amount. Its identity as O-acetylated GD3 was further confirmed by its reactivity with the monoclonal antibody specific for O-acetylated GD3 ([Fig. 1B](#f1-82_189){ref-type="fig"}). The proportion of GD3 to O-acetylated GD3 was approximately 3 to 1, i.e. approximately 25% of total GD3 ganglioside was O-acetylated.

###### 

Ganglioside concentrations in the brain of 64 day-old control and *GalNAcT* knockout mice. The results are expressed in nmoles ganglioside/g wet weight tissue. Values for individual gangliosides are expressed up to three significant digits, and the total is their arithmetic sums. The value 0 indicates below the level for reliable quantification. Note: GMx contains one mole of sialic acid per molecule. The corresponding mole numbers of sialic acid are two for GDx, three for GTx, and four for GQ, respectively. Refer to the legend for [Fig. 1](#f1-82_189){ref-type="fig"} regarding GT3 and O-acetylated GT3.

                 Control    *GalNAcT*−/−   *GalNAcT*−/− saponified
  -------------- ---------- -------------- -------------------------
  GM3            **18**     **679**        **769**
  GM2            29         0              0
  O-Ac-GD3       0          **392**        **0**
  GM1            327        0              0
  GD3            **69**     **1140**       **1460**
  GD1a           579        0              0
  O-Ac-GT3       0          **50**         **0**
  GT3            0          **20**         **92**
  GD2            44         0              0
  GD1b           176        0              0
  X (disialo?)   103        0              0
  GT1b           368        0              0
  GQ             53         0              0
                                           
  TOTAL          **1766**   **2281**       **2321**

![Thin-layer chromatogram of brain gangliosides. Technical details are described in the text. **A**: Stained with the resorcinol spray; **B**: Stained with specific mouse monoclonal antibodies. **Lane I**: *GalNAcT*−/− mouse preparation after saponification; **Lane II**: *GalNAcT*−/− mouse preparation before saponification; **Lane III**: Preparation from Niemann-Pick type C brain as a control (This is only to show thin-layer chromatographic mobility of multiple gangliosides of known structures. The normal control brain used for quantitative analyses of gangliosides ([Table I](#t1-82_189){ref-type="table"}) was a wild-type mouse brain, which is not on this chromatogram.) **Lane IV**: Same as Lane II but stained with specific monoclonal antibody against O-acetylated GD3; **Lane V**: Same as Lane II but stained with specific monoclonal antibody against GD3. *GalNAcT*−/− brain contains essentially GD3, O-acetyl-GD3 and GM3 gangliosides. Upon saponification O-acetyl-GD3 disappears and the GD3 band becomes heavier (see [Table I](#t1-82_189){ref-type="table"}). We tentatively identify the band that runs slightly ahead of GD1b in Lane I as GT3, and the band running slightly ahead of GD1a in Lane II as O-acetylated GT3. Then, the mutant brain also contains detactable amounts of GT3 and O-acetylated GT3, and the latter is hydrolyzed to GT3 by saponificaiton. This interpretation can also be understood from the metabolic block in the *GalNAcT*−/− mouse.](82_189f1){#f1-82_189}

Another quantitative finding of interest was that the total molar amount of brain gangliosides was approximately 30% greater in the mutant mouse brain than that in the wild-type control mouse brain despite the block in the synthetic pathway of major brain gangliosides ([Table I](#t1-82_189){ref-type="table"}). Although only one control brain was included in this particular series of analytical study, all quantitative values for the control brain matched closely to previous control values from our laboratory.

*Immunohistochemistry* ([Table II](#t2-82_189){ref-type="table"}, [Fig. 2](#f2-82_189){ref-type="fig"}). As expected from the quantitative data, immunohistochemical staining of the wild-type brain was very weak with either GD3-specific or O-acetyl-GD3-specific monoclonal antibody ([Fig. 2](#f2-82_189){ref-type="fig"}), while the *GalNAcT*−/− mice brain stained quite strongly. While the O-acetyl-GD3-specific antibody gave no staining with the wild-type brain, the anti-GD3 monoclonal antibody stained the Purkinje cells of the wild-type brain positively, albeit weakly. [Table II](#t2-82_189){ref-type="table"} gives the results of semi-quantitative evaluation. It should be kept in mind that, by its nature, immunohistochemistry is never precisely quantitative and even a semi-quantitative comparison is possible only within a single antibody but not across different antibodies.

###### 

Semiquantitative distribution of GD3 and O-acetylated GD3 in the *GalNAcT*−/− mouse brain detected by specific monoclonal antibodies

  Brain region                       Ganglioside   
  ---------------------------------- ------------- -----
  Cerebellar cortex                                
    Molecular layer                  \+            \+
    Purkinje cell layer              ++            −
    Granular layer                   ++            +++
    White matter                     ±             −
  Cerebral cortex                                  
    Molecular layer (I)              \+            \+
    External granular layer (II)     −             −
    External pyramidal layer (III)   \+            \+
    Internal granular layer (IV)     \+            ++
    Internal pyramidal layer (V)     \+            −
    Polymorphic cell layer (VI)      \+            −
    White matter                     ±             −
  Hippocampal formation                            
  *Hippocampus*                                    
    Alveus                           ++            ++
    Stratum oriens                   ±             \+
    Stratum pyramidale               ++            −
    Stratum radiatum                 \+            \+
    Stratum lacunosum moleculare     \+            ++
  *Dentate gyrus*                                  
    Polymorphic layer                \+            \+
    Granular layer                   \+            −
    Molecular layer                  \+            \+

![Immunohistochemical localization of GD3 and O-acetyl-GD3 gangliosides in the brain of *GalNAcT*−/− mouse (**a, b, e, f**) and wild-type mouse (**c, d**). Sections were treated with monoclonal antibodies specific for GD3 (**a, c, e**) and O-acetyl-GD3 (**b, d, f**) and visualized with FITC-conjugated donkey anti-mouse IgG (H+L) antibody. Technical details are described in the text. **Cerebellar cortex** (**a--d**); M: molecular layer, P: Purkinje cell layer, G: granular layer, W: white matter. **Cerebral cortex** (**e, f**); I: molecular layer, II: external granular layer, III: external pyramidal layer, IV: internal granular layer, V: internal pyramidal layer.](82_189f2){#f2-82_189}

Cerebellum: In the *GalNAcT*−/− mouse, basically similar distributions of the GD3 and O-acetyl-GD3 were observed in the layers of the cerebellar cortex except for the Purkinje cells. With the anti-GD3 monoclonal antibody, the granular and molecular layers and the Purkinje cells stained positively, while the white matter did not stain. With the anti-O-acetyl-GD3 monoclonal antibody the results were similar with those of the anti-GD3 monoclonal antibody except that the Purkinje cells did not stain. In the wild type mouse brain, only the Purkinje cell bodies showed positive staining with the anti-GD3 monoclonal antibody. The anti-O-acetyl-GD3 monoclonal antibody gave no staining with the wild-type brain.

Cerebral cortex: The anti-GD3 monoclonal antibody stained layers I--VI diffusely and the white matter only very weakly. On the other hand, the anti-O-acetyl-GD3 monoclonal antibody stained layers I-IV, most strongly layer IV. Unlike the anti-GD3 monoclonal antibody, it did not stain layers V, VI nor the white matter.

Hippocampal formation: The anti-GD3 monoclonal antibody stained the alveus, the stratum pyramidale and the stratum lacunosum-moleculare and the granular layer of the dentate gyrus. The positive areas with the anti-O-acetyl-GD3 monoclonal antibody were basically similar to those of the anti-GD3, except that the stratum pyramidale and the granular layer of the dentate gyrus were negative.

Discussion
==========

This series of studies was initiated when one of us observed the extra sialic acid-containing band running between GM2- and GM1-gangliosides on a thin-layer chromatogram of the acidic lipid fraction from the brain of the *GalNAcT*−/− mouse ([Fig. 1](#f1-82_189){ref-type="fig"}). The earlier report from either of the two laboratories that generated the mutant mouse independently did not indicate its existence.^[@b3-82_189],[@b4-82_189]^ Its disappearance and apparent conversion to GD3 upon mild alkaline treatment as well as the known enzymological background of this knockout mouse strongly suggested that the extra band is O-acetylated GD3. Its quantitative conversion to GD3 upon saponification and its reactivity with the specific anti-O-acetyl GD3 monoclonal antibody further confirmed this initial impression. We believe this was not detected in the earlier reports because a step of mild alkaline treatment was included in their analytical procedures.

GM3 and GD3 were the main gangliosides in the brain of the *GalNAcT*−/− mice, as expected from the known biosynthetic pathways of gangliosides and substrate specificity of GM2 synthase. However, we had not expected that one-fourth of total GD3-ganglioside was O-acetylated. In the normal brain GD3 is a minor ganglioside and its O-acetylated derivative is nearly undetectable, and therefore, the proportion of O-acetylated GD3 is difficult to assess. Anecdotally, it is of interest that the liver of the rainbow trout appears to be a rich source of O-acetylated GD3-ganglioside.^[@b14-82_189]^ It is conceivable that the proportion of O-acetylated and non-acetylated GD3 might be similar in the normal and the mutant brains. The absence of O-acetylated GM3 in the mutant brain is consistent with the O-acetyl-group being only on the second sialic acid of GD3.

Another finding of potential interest is that the molar amount of total brain ganglioside was approximately 30% greater in the *GalNAcT*−/− mice compared to the wild-type mouse brain despite the block in the synthetic pathways for the normally major brain gangliosides and the normal complement of degrading capacity for GM3 and GD3 gangliosides. Possible functional compensation by the normally minor gangliosides in the absence of normally major ones was speculated earlier^[@b3-82_189],[@b4-82_189]^ and our information that the amount of total brain gangliosides in the mutant brain is actually greater than normal provides an even firmer ground for such a speculation. Nevertheless, the idea remains a speculation.

Some immunohistochemical studies on GD3 distribution in the wild-type rodent brain have been reported.^[@b16-82_189]--[@b22-82_189]^ While there are some discrepancies among the previous reports, our finding of a relatively intense GD3 expression in the granular layer of the cerebellum in the *GalNAcT*−/− mice is consistent with the previous reports in the wild-type mice brain. Since the O-acetylated GD3 is a very minor ganglioside in the wild-type mouse brain, there is no immunohistochemical study of its distribution in the mouse brain using a specific antibody. The high concentration of O-acetylated GD3 in the mutant brain allowed us to examine its distribution in the mutant brain. Generally, GD3 and its O-acetylated counterpart showed similar distributions among various regions of the brain. However, we did find some differential patterns of staining in Purkinje cells in the cerebellum and the pyramidal neurons in the cerebrum between GD3 and O-acetyl-GD3. Since immunohistochemistry is at best semi-quantitative and no quantitative interpretation is possible across different antibodies, it is difficult to interpret such apparently discrepant localization. We had hoped that possible differential distributions of GD3 and its O-acetylated derivative with respect to brain regions and/or neural cell types might shed some light on their physiological functions. However, the findings did not allow clear interpretations. These immunohistochemical findings must remain a piece of descriptive information at this time.

Although GD3 and O-acetylated GD3 gangliosides usually exist in very low amounts, their possible physiological functions have been attracting attention of many laboratories. Their association with diverse functions are implicated, for example, in apoptosis,^[@b23-82_189]--[@b33-82_189]^ as tumor antigens,^[@b34-82_189]--[@b38-82_189]^ in development, differentiation and cell migration,^[@b16-82_189],[@b17-82_189],[@b39-82_189]--[@b44-82_189]^ and in immunity and other functions.^[@b45-82_189],[@b46-82_189]^ In most instances, however, the relationship of these gangliosides and the implicated physiological functions remains that of an association rather than causal. Active participation of GD3 and its O-acetylated derivative in diverse physiological functions is expected to be an active area of future more mechanistic investigations. Presence of these normally minor constituents in high concentrations should make the *GalNAcT*−/− mice an attractive tool for such investigations into functions of GD3 ganglioside and its O-acetyl-derivative in normal and disease conditions.
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